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The Caenorhabditis elegans heterochronic gene lin-29
coordinates the vulval–uterine–epidermal connections
Anna P. Newman*, Takao Inoue†, Minqin Wang†‡ and Paul W. Sternberg†
Background: The development of a connection between the uterus and the
vulva in the nematode Caenorhabditis elegans requires specification of a
uterine cell called the utse, and its attachment to the vulva and the epidermal
seam cells. The uterine pi cells generate the utse and uv1 cells, which also
connect the uterus to the vulva. The uterine anchor cell (AC) induces the vulva
through LIN-3/epidermal growth factor (EGF) signaling, and the pi cells through
LIN-12/Notch signaling. Here, we report that a gene required for seam cell
maturation is also required for specification of the utse and for vulval
differentiation, and thus helps to coordinate development of the vulval–
uterine–seam cell connection.
Results: We cloned the egl-29 gene, which is necessary for induction of
uterine pi cells, and found it to be allelic to lin-29, which encodes a zinc finger
transcription factor that is necessary for the terminal differentiation of epidermal
seam cells. In the uterus, lin-29 functioned upstream of lin-12 in the induction
of pi cells and was necessary to maintain expression in the AC of lag-2, which
encodes a ligand for LIN-12.
Conclusions: The lin-29 gene controls gene expression in the epidermal
seam cells, uterus and vulva, and may help to coordinate the terminal
development of these three tissues by regulating the timing of late gene
expression during organogenesis.
Background
During the development of multicellular organisms, the
events leading to organ formation need to be controlled
both spatially and temporally. Both forms of regulation are
seen in the development of the egg-laying system of the
nematode Caenorhabditis elegans [1–6]. The ability of eggs
to exit the uterus through the vulva, an opening in the epi-
dermis, relies on specialization of cells in both tissues and
precise cell–cell contacts between and within tissues
(Figure 1c). The mature cell types directly involved are:
vulF, the dorsalmost vulval cell; utse, the uterine cell
whose thin cytoplasmic extension separates the uterine
and vulval lumens; and uv1, uterine cells that attach to
both vulF and utse [7,8]. These and other uterine and
vulval cell types are generated by the lineages of the
ventral uterine precursor (VU) cells and the vulval precur-
sor cells (VPCs) [9,10]. At least six distinct cell–cell inter-
actions, all involving the uterine anchor cell (AC) or cells
induced by it, ensure the reproducible production and
alignment of these cell types. 
A single AC is selected from two initially equipotential
cells through a lateral inhibitory cell–cell interaction
known as the AC versus VU decision [11,12]. The interac-
tion involves the receptor–ligand pair LIN-12–LAG-2,
which belong, respectively, to the LIN-12/Notch and the
Delta/Serrate/LAG-2 (DSL) families of receptors and
ligands [13–15]. Once specified, the AC induces three
VPCs to adopt vulval fates using LIN-3/epidermal growth
factor (EGF), the LET-23 receptor tyrosine kinase, and the
Ras pathway [16–18]. VPCs can have one of two vulval
fates, called 1° and 2° [19]. The graded LIN-3 signal,
coupled with LIN-12-mediated signaling among VPCs,
results in a 2°–1°–2° arrangement of VPCs [20–23]. The AC
also induces the uterine specialization that connects to the
vulva. Specifically, during the late L3 stage, the AC speci-
fies its lateral neighbors as pi cells using LIN-12 [24]
(Figure 1a). Four pi daughters are then specified as uv1 by
LIN-3/LET-23 signaling from the vulva, while the remain-
ing eight fuse to form the utse syncytium [7,25] (Figure 1b).
These are the two uterine cell types that connect to the
vulva. Finally, the AC fuses with the utse. The utse (also
known as the uterine–seam cell) also anchors the adult
uterus to the lateral epidermis (called the seam). Seam cells
divide during larval development, producing seam cells and
other epidermal cells [9]. Like other epidermal cells, the
seam cells secrete the collagen-rich cuticle on their exterior
surface [26]. On entry into adulthood, the seam cells exit
the cell cycle and differentiate. The cuticle secreted by the
mature seam cells can be distinguished from that of the
preceding larval stage by collagen composition and by the
presence of ridges called alae [27]. 
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The C. elegans life cycle includes four larval stages, L1
through L4, followed by adulthood. Genes that promote
either earlier or later aspects of development (termed het-
erochronic genes) were identified through mutations that
cause precocious or reiterated development ([28]; reviewed
in [29,30]). The LIN-14 and LIN-28 proteins promote
early cell lineages, and by inference, cell fates. Develop-
mental progression requires their post-transcriptional
downregulation by the regulatory RNA lin-4 [31–33]. The
heterochronic genes impart temporal information to cells
of multiple tissues, including the vulva and epidermis.
However, effects of heterochronic mutations on gonadal
cell lineages have not been observed. The heterochronic
gene lin-29 is required for seam cells to undergo the adult
developmental program [28,34]. In lin-29 mutants, seam
cells do not exit the cell cycle or make alae. The lin-29
gene encodes a zinc-finger transcription factor [35] that
promotes seam cell maturation, at least in part, through
activating expression of adult-specific genes. For example,
the collagen gene col-19 is a direct target of LIN-29 [36].
LIN-29 protein is first observed in the seam cells during
the L4 stage; its accumulation depends on downregulation
of LIN-41 by the let-7 regulatory RNA [37–39]. 
Although first identified for its role in seam cell differen-
tiation, lin-29 clearly functions more broadly. For instance,
lin-29 is also required for differentiation of the spicules of
the male reproductive system [40]. In addition, lin-29
mutants are egg-laying defective, and the lin-29 gene is
broadly expressed in the egg-laying system, beginning
with AC expression in the early L3 stage [28,37,41]. Here,
we report that lin-29 is also involved in induction of the
uterine pi cell fate by the AC, and the resulting specifica-
tion of the utse and uv1 cells. The lin-29 gene is also
required for correct execution of vulval fates in the L4
stage. LIN-29 controls the timing of gene expression in
both these tissues and, thus, functions as a transcriptional
regulator in three tissues during formation of the
vulval–uterine–seam cell connection.
Results
The lin-29 mutants have uterine defects
The first comprehensive genetic screen for egg-laying
defective (Egl) mutants in C. elegans identified 40 egl loci
[42]. Many of these genes have now been cloned and
shown to function in the neurons, muscles or vulva of the
egg-laying system ([43], and references therein). We ana-
lyzed a subset of the remaining mutants (class A mutants)
under Nomarski optics for potential uterine defects. We
observed that the positions and numbers of uterine nuclei
were abnormal in egl-29(n482) mutant animals during the
L3 and L4 stages. We mapped egl-29 to a small interval on
the right arm of chromosome II and obtained transforma-
tion rescue of the mutant with two overlapping yeast arti-
ficial chromosome (YAC) clones Y17G7 and Y38G4 (see
Materials and methods). The lin-29 gene maps to the
same interval, and lin-29 mutants are egg-laying defective
and have a protruding vulva [28,41], a phenotype that is
similar to that of egl-29. We found that egl-29 and lin-29 fail
to complement for these defects, indicating that they are
the same gene (see Materials and methods).
To confirm this result, we sequenced the lin-29 gene in
egl-29 mutants and found alterations predicted to affect
the protein product. The lin-29 gene encodes a transcrip-
tion factor containing five tandem C2H2-type zinc finger
domains [35]. The alleles egl-29(sy292) and egl-29(sy531)
were found to be missense mutations that affect the con-
served cysteine and histidine residues of the second zinc
finger domain (Figure 2); egl-29(sy532) was a splice site
mutation at the 5′ end of exon 7 (Figure 2). The lin-29
gene encodes a longer (lin-29A) and a shorter (lin-29B)
transcript [35]. Each of the above mutations affected
sequences present in both transcripts.
The lin-29 mutants have pi cell lineage defects
The cells of the ventral uterus are generated by the three
VU cells [10]. These cells undergo two rounds of cell divi-
sion to produce six VU intermediate precursor cells on
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Figure 1
Cells of the vulval–uterine–seam cell
connection. (a) The developing uterine–vulval
connection during the late larval L3 stage. The
AC (green) signals neighboring uterine cells
to adopt the pi cell fate, while distal cells
adopt the ρ fate. (b) Once specified, pi cells
divide along a dorsoventral axis. The outer
ventral daughters become uv1 cells, while the
rest fuse to form the utse. (c) Differentiated
cells, late L4 stage. Schematic diagram of a
transverse section through the central region
of a hermaphrodite containing the vulva. The
uterine utse and uv1 cells, vulval vulE (E) and
vulF (F) cells, and epidermal seam cells are
highlighted in color. Modified from [7].
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each side of the animal. The three on each side that are
closest to the AC receive an inductive signal to adopt the
pi cell fate [24] (Figure 1a). These cells divide once to
produce terminally differentiated utse or uv1 cells [7]
(Figure 1b). The cells distal to the AC adopt the ρ fate,
which is the default. These cells divide twice and gener-
ate structural uterine cells. 
To determine whether uterine fates were correctly speci-
fied in lin-29 mutants, we followed the cell lineages of
animals bearing the lin-29(n482) or lin-29(sy292) muta-
tions. We found that two out of two lin-29(sy292) mutants
and two out of three lin-29(n482) mutants failed to specify
pi fates (Table 1; Figure 3). In the third lin-29(n482)
mutant, five presumptive pi cells adopted the ρ cell fate,
while one cell underwent a hybrid pi/ρ lineage (Table 1).
In addition, in all twelve lin-29(n482) mutant animals that
we scored by anatomical observation in the L3 or L4
stage, some or all of the six presumptive pi cells appeared
to have adopted the ρ cell fate. We conclude that lin-29 is
necessary for specification of the pi cell fate. 
Further phenotypic analyses of egl-29 and lin-29 alleles
were carried out to determine whether other more subtle
defects were present in alleles of both genes. As an indica-
tor of heterochronic transformation in the epidermis, we
scored adult alae, adult-specific cuticular structures
missing in lin-29 mutants [26–28,34]. We found that adult
alae were absent in egl-29 alleles sy292 (n = 11), ty13
(n = 10), sy531 (n = 10) and sy532 (n = 5), whereas egl-
29(n482) mutants had wild-type adult alae (n = 10). We
also found that previously described lin-29 mutants caused
pi cell specification defects similar to egl-29(n482) and egl-
29(sy292). In one lin-29(n333) animal, no pi cells were
induced. The lin-29(n546) allele exhibited a similar, but
weaker phenotype: only six of twelve presumptive pi cells
adopted the pi cell fate in two n546 animals. 
The lin-29 mutants have reduced uterine expression of the
lin-11 transcription factor
The pi cells differ from ρ cells not only by cell lineage but
also in their gene expression profile. For instance, pi cells
and their daughters express the LIN-11 LIM domain
transcription factor, whereas ρ cells and their descen-
dants do not [44,45]. We constructed a strain containing a
lin-11–lacZ reporter construct in a lin-29(n482) mutant
background. We then scored uterine lacZ expression
early in the pi cell daughter stage, that is, during L3
lethargus or the L4 stage. We found that six of nine
animals scored had no uterine lin-11–lacZ expression
(Figure 4b), two had weak uterine expression, and one
had expression that was similar to the wild type. These
data support the conclusion that lin-29 mutants are defec-
tive in pi cell fate specification.
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Figure 2
Mutations in the lin-29 gene. Top, genomic structure of lin-29. Exons
are numbered. Regions coding for zinc finger domains are indicated by
boxes labeled ZF1 through ZF5. Bottom, nucleotide changes in sy292,
sy531 and sy532 are shown. All conserved cysteine and histidine
residues of the ZF2 C2H2 domain are indicated in bold.
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ZF3 ZF4 ZF5
32 4 117 106 895
1 kb
76 8200 bp
Wild type AAATTTTCAGTGCAAATTC
sy532     AAATTTTCAATGCAAATTC
                      Exon 7
ZF1 ZF2
      TAT (Tyr; sy292)                                TAC (Tyr; sy531)
GGGCCATGTAACTATTGCGGCAAGAAGTTCACTCAGCTATCACACCTTCAGCAGCACATTCGAACACATACAGGAGAGAA
G  P  C  N  Y  C  G  K  K  F  T  Q  L  S  H  L  Q  Q  H  I  R  T  H  T  G  E  K
lin-29
Table 1
VU cell lineages.
Genotype Lineage n
Wild type* ρpipipiρρ
ρρpipipiρ
lin-29(n482)† ρρρρρρ 2
ρρρρρρ
ρρ(ρ/pi)ρρρ 1
ρρρρρρ
lin-29(sy292) ρρρρρρ 2
ρρρρρρ
lin-12(d)‡ pipipipipipipi(ρ or pi) 5
(ρ or pi)pipipipipipipi
lin-29(n482); lin-12(d)§ pipipipipipipipi 1
ρpipipipipipipi
pipipipipipipiρ 1
(ρ/?)pipipipipipipi
VU cell lineages of animals of a given genotype are represented
through the pattern of intermediate precursor cell fates (pi or ρ);
n, number of animals with the indicated cell lineage pattern. Wild-type
and lin-29 mutant animals have six intermediate precursor cells per
side; the top line of each pair represents the right side, the bottom
line the left. Anterior is to the left. The lin-12(d) animals, which carry
a lin-12 gain-of-function mutation, have eight intermediate precursor
cells per side because the AC is transformed into a VU cell. *Data
from [10]. ‡Data from [24]. †In the second lineage pattern, (ρ/pi)
indicates an intermediate precursor cell in which the dorsal daughter
underwent an additional round of cell division and the ventral
daughter did not. ρ/pi designates a single cell with a hybrid fate. ‘ρ or
pi‘ indicates that, of the five animals lineaged, some had a pi cell at that
position whereas others had a ρ cell. §The lin-12(d) allele used was
n137 [13]. In the second lineage pattern, (ρ/?) indicates an
intermediate precursor cell with one daughter that underwent an
additional round of cell division and a second daughter whose fate
was not determined.
The lin-29 mutants have an abnormal uterine–vulval
connection
Egg laying requires the proper differentiation of the utse,
a cell formed by fusion of pi daughters and the AC [7]. In
animals that lack pi cells, the uterine and vulval lumens are
separated by thick tissue rather than the thin laminar
process of the utse, while the AC remains unfused. When
we examined lin-29(sy292) animals during the mid L4
stage, we observed thick tissue at the uterine–vulval inter-
face in 20 of 22 animals, often with an unfused AC
(Figure 5). In two animals, the tissue was relatively thin,
although distinct in appearance from the laminar process
seen in wild-type animals. This uterine–vulval connection
defect is sufficient to explain the egg-laying defect of
lin-29 mutant animals, but is likely not to be the only con-
tributing factor (see Discussion).
The lin-29 gene functions upstream of lin-12 in the pi cell
induction pathway
The AC induces the pi cell fate through the receptor
LIN-12 [13,24]. Elevation of lin-12 activity in lin-12(d)
mutants leads to specification of the pi fate in even those
cells that do not contact the AC. This is evident by cell
lineage analysis and by the presence of excess lin-11–lacZ-
expressing cells in the uteri of lin-12(d) animals [24,45]. As
lin-29 loss-of-function and lin-12(d) mutants have opposite
phenotypes with respect to pi cell induction, we con-
structed the double mutant to determine their epistatic
relationship. We found that all 15 lin-29(n482); lin-12(n137)
mutant animals scored during the early L4 stage had
excess uterine lin-11–lacZ expression indistinguishable
from that observed in lin-12(n137) mutant animals
(Figure 4). In addition, both double mutants followed by
cell lineage analysis specified excess pi fates, as do lin-12(d)
mutants (Table 1). Thus, the function of lin-29 in pi cell
induction is dispensable in the presence of constitutive
activation of the receptor. We conclude that lin-29 func-
tions upstream of the lin-12-encoded receptor in the pi cell
induction pathway. 
The lin-29 gene is required for maintenance of lag-2
expression in the AC
LAG-2 is a DSL ligand required for the AC versus VU
decision, and is expressed in the AC and in the two distal
tip cells (DTCs) of the somatic gonad [14,46–48]. DTCs
are cells that maintain the proliferative state of distal germ
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Figure 3
The lin-29 mutants have pi cell lineage defects. Nomarski
photomicrographs of early L4 stage animals, right lateral view. (a) The
wild type. Each pi cell has divided to produce a dorsal and ventral
daughter as indicated (see Figure 1 for a schematic diagram of these
cells). (b) The egl-29(n482) mutant. Presumptive pi cells have
undergone two rounds of cell division. Six presumptive pi cell
granddaughters are indicated. Arrowheads point to the vulval center.
The scale bar represents 20 µm.
(a) (b)
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Figure 4
Uterine lin-11–lacZ expression in wild-type
and mutant animals. X-gal staining in animals
at the pi cell daughter stage. Lateral views,
100 × Neofluar objective. (a) The wild type.
All pi cell daughters are stained. (b) The lin-
29(n482) mutant. There was no staining in
the uterus (arrowhead). In contrast, the inner
vulval 2° cell granddaughters (lines) were
stained as in the wild type. (c) The lin-12(d)
mutant. Ectopic pi cell daughter staining was
evident (arrowhead). (d) The lin-29(n482);
lin-12(d) mutant, showing ectopic pi cell
daughter staining (arrowhead).
(a)
(b)
(c)
(d)
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line using LAG-2/GLP-1 and guide the migration of the
elongating gonadal arms ([10,47,49] and references therein).
The lag-2 gene is expressed in the AC from the L2 stage
through the end of the L3 stage ([48], K. Fitzgerald and
I. Greenwald, personal communication; this study). Thus,
while the ligand for pi cell induction has not been defined
genetically, lag-2 is expressed in the right place at the
right time to be this ligand. Furthermore, as lin-29
encodes a transcription factor that functions upstream of
the receptor in pi cell induction, one possible role for
LIN-29 is in regulating ligand expression. 
As one test of the above hypotheses, we chose to compare
lag-2 expression in wild-type and in lin-29 mutant back-
grounds. We scored animals at the following developmen-
tal stages: late L2 stage, including L2 lethargus, at about
the time of the AC versus VU decision; early L3 stage,
subsequent to the AC versus VU decision but prior to
pi cell induction; and late L3 stage, including L3 lethargus,
at about the time of pi cell induction. We found that for
wild-type animals, the percentage of animals in which
there was moderate to strong lag-2–lacZ expression in the
AC was 29% during the late L2 stage (n = 17), 100%
during the early L3 (n = 6), and 87% in the late L3 stage
(n = 24). In contrast, for lin-29(sy292), the percentage of
animals with moderate to strong lag-2–lacZ expression was
33% in the L2 stage (n = 24), 27% in the early L3 stage
(n = 22), and 13% during the late L3 stage (n = 31;
Figure 6). Wild-type and lin-29 mutant animals had com-
parable levels of lag-2–lacZ expression in the DTCs,
demonstrating that the effect was specific to the AC (see
Figure 6). Thus, in lin-29(+) animals, lag-2–lacZ expres-
sion in the AC became stronger during the L3 stage and
remained high through the time of pi cell induction whereas,
in lin-29(sy292) animals, the expression level diminished
gradually over time. We infer from these results that lin-29
is necessary for maintenance of lag-2 expression in the AC
during the transition from the AC versus VU decision to pi
cell induction. 
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Figure 5
The uterine–vulval connection is abnormal in lin-29 mutants. Nomarski
photomicrographs of L4 stage animals; lateral views, showing the
uterus, vulva, and their connection. (a) The wild type. The thin laminar
process of the utse is evident (arrow). (b) The lin-29(sy292) mutant.
Thick tissue containing an unfused AC (arrowhead) was present at the
uterine–vulval interface; u, uterine lumen; v, vulval lumen. The scale bar
represents 20 µm.
(a)
(b)
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Figure 6
Expression of lag-2–lacZ in wild-type and lin-29 mutant animals.
X-gal staining. (a) Wild type, early L3 stage; 100 × Neofluar
objective. (b) Wild type, late L3 stage; 40 × Neofluar objective. (c)
The lin-29(sy292) mutant, early L3 stage; 100 × Neofluar objective
with optovar slider at 1.25 ×. (d) The lin-29(sy292) mutant, late L3
stage; 40 × Neofluar objective. Lateral views. Arrows indicate stained
ACs. The staining cells towards the anterior and posterior of each
panel are DTCs.
(a)
(b)
(c)
(d)
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Vulval expression patterns are altered in lin-29 mutants
The lin-29 gene is also expressed in a subset of vulval cells
[37,41]. The vulva is formed by the descendants of three
VPCs (P5.p, P6.p, P7.p), which have the 2°, 1° and 2°
fates, respectively [9,19]. P6.p undergoes two rounds of
cell division along an anteroposterior axis to generate the
P6.p granddaughters, P6.pxx. A final round of transverse
cell division gives rise to the P6.p great granddaughters
P6.pxxx. The P6.pxxx cells generated by the inner P6.p
granddaughters fuse to form the dorsalmost vulval toroid
vulF, while those from the outer granddaughters make the
toroid directly below vulF, called vulE [8]. During vulval
development, LIN-29 protein is first observed in the
P6.px cells, then in all granddaughters and great grand-
daughters of P5.p, P6.p, and P7.p [37,41]. The lin-29
mutants have wild-type vulval lineages ([41], M.W. and
P.W.S., unpublished data) and it has been found that in
these mutants, the vulva has normal invagination until it
starts to evert during the final stage of morphogenesis at
the L4 molt [41].
The dynamic expression patterns of reporter constructs
in which egl-17 or zmp-1 were fused to sequences
expressing the green fluorescent protein (GFP) permit a
more detailed examination of vulval development. The
zmp-1 gene encodes a zinc metalloprotease (J. Butler and
J. Kramer, personal communication); zmp-1–GFP is
expressed in the AC during the L3 stage and in the vulE
cells in the L4 stage [50]. The egl-17 gene encodes
C. elegans fibroblast growth factor (FGF) [51]; egl-17–GFP
is expressed in P6.p and its daughters and granddaugh-
ters, with expression fading shortly after the P6.p great
granddaughters are born [50,52]. During mid-L4, egl-
17–GFP expression is observed in a subset of 2° cell
descendants. By examining the egl-17–GFP expression
pattern in VPC descendants in lin-29 mutants, we found
that the vulval defects started much earlier than the final
stage of vulval morphogenesis. In addition to failure of
the 2° descendants to express the marker at mid-L4, faint
egl-17–GFP expression persisted in all 1° VPC descendants
during the mid-L4 stage (Table 2). In addition, we found
that lin-29(sy292) (n = 50) and lin-29(n333) (n = 29) mutant
animals failed to express zmp-1–GFP in the vulE cells. In
contrast, all of 21 lin-29(sy292) and ten lin-29(n333)
animals scored during the L3 stage expressed zmp-1–GFP
in the AC as in the wild type. Taken together with the
necessity of lin-29 for late lag-2 expression in the AC,
these results indicate that lin-29 controls the expression
of at least three genes in several cell types during devel-
opment of the uterine–vulval connection. 
Discussion
Regulation of the vulval–uterine–seam cell connection by
lin-29
We have found that the heterochronic gene lin-29, which
controls the maturation of seam cells [28,34], is also
required for specification of the utse and uv1 cells, and for
terminal differentiation of the vulva. The utse and uv1
cells attach the uterus to the vulva and to the seam.
Further, the vulE cells that require lin-29 for proper dif-
ferentiation also attach to the seam [8]. Our results indi-
cate that the LIN-29 transcription factor regulates the
expression of distinct genes at specific times in these
three interacting tissues.
The lin-29 gene regulates LIN-12 signaling in the uterus
The LIN-12 pathway is used twice within the same
lineage during C. elegans uterine development: first, in the
lateral inhibitory decision that selects an AC and a VU
cell; and second, in pi cell induction when the AC signals
to the VU granddaughters [13,24]. We have found that
these events are genetically, as well as temporally, distinct.
Specifically, we found that lin-29 is required for pi cell
induction but not for the AC versus VU decision. Thus,
lin-29 functions as a regulator of LIN-12 signaling during
the transition from lateral inhibition to induction. Genetic
epistasis experiments placed lin-29 upstream of lin-12 in
the pi cell induction pathway. The lin-29 gene could be
required in the pi cells for regulation of the receptor or in
the AC. The latter possibility is supported by the pres-
ence of LIN-29 protein in the AC and by the lag-2 expres-
sion data discussed below. 
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Table 2
Vulval expression of egl-17–GFP in the wild type and in lin-29 mutants.
Vulval fate Vulval cells scored Wild type lin-29(sy292) lin-29(n333)
1° P6.p, P6.px, P6.pxx + + +
P6.pxxx (vulE and vulF) – +/– +/–
P5/7.p, P5/7.px, P5/7.pxx – – –
2° P5/7.pxxx (vulA and vulB) – – –
P5/7.pxxx (vulC and vulD) + – –
n 59 43 36
Animals were scored for the expression of egl-17–GFP in P5.p, P6.p,
P7.p and their descendants throughout the L3 and L4 stages. Pn.px,
Pn.p daughters; Pn.pxx, Pn.p granddaughters; Pn.pxxx, Pn.p great
granddaughters; +, GFP expression was observed; +/–, weak GFP
expression was observed; –, GFP expression was not observed;
n, number of animals scored.
Our results suggest that lin-29 is required for maintenance
of expression of the ligand LAG-2 in the AC. By the end
of the AC versus VU decision, a lag-2–lacZ reporter con-
struct is expressed in the AC but not the VU cell [48].
Expression of lag-2–lac-Z in the AC persisted and became
stronger during the L3 stage, suggesting that LAG-2 may
be the ligand for pi cell induction. In addition, we have
shown that lin-29, which functions upstream of lin-12 in pi
cell induction, is needed for the late, but not the early,
expression of lag-2–lacZ in the AC. Taken together, our
data support the following model. The LIN-12 pathway
mediates lateral inhibition during the AC versus VU deci-
sion and then induction of the pi cell fate among VU
granddaughters by the AC. LAG-2, which functions in the
earlier AC versus VU decision, is re-utilized as the ligand
for pi cell induction. Maintenance of lag-2 expression in
the AC is an active process requiring LIN-29. This may
reflect different constraints on the duration of ligand
expression in the AC versus VU decision, which is sto-
chastic, and pi cell induction, which is not. 
Maintenance of lin-12–lac-Z expression is necessary for
the AC versus VU decision and controlled by a regulatory
region not required for the initial expression [48]. We have
now found that lin-29 is required for maintenance of
lag-2–lacZ expression in the AC through the time of pi cell
induction. In addition, we note that lin-12–lac-Z expres-
sion terminates in the VU cells before coming on again in
the VU daughters and granddaughters [53]. Taken
together, these data suggest that transcriptional regulation
is key both to the implementation of the AC versus VU
decision using the LIN-12 pathway and to the re-utiliza-
tion of this pathway during pi cell induction.
The lin-29-mediated regulation of lag-2 expression in the
AC appears to be specific
The lin-29 gene was not needed for expression of
zmp-1–GFP in the AC. Also, lin-29 is presumably not
required for lin-3 expression in the AC as vulval induction
occurs in lin-29 mutants [41]. In addition, while lin-29 is
expressed in the DTCs [37], it was not needed for either
the initiation or maintenance of lag-2 expression in these
cells. Thus, lin-29 functions neither as a general regulator
of gene expression in the AC nor as a general regulator of
lag-2 expression in the animal. Rather, our data indicate
that lin-29 functions specifically to maintain lag-2 expres-
sion in the AC. Unlike the situation in the epidermis, the
presence of LIN-29 protein in the AC is not under the
control of the heterochronic gene lin-4 (or by inference
lin-14/lin-28) [34,37].
Heterochronic genes and vulval development
The competence of VPCs to respond to vulva-inducing
signals is delayed until the late L2 to early L3 stage by the
heterochronic genes lin-14 and lin-28 [3]. The lin-29 gene
does not function in this process. (In contrast, lin-28 and
lin-14 act through lin-29 in the seam cell lineage [34].)
The subsequent specification of VPCs as 1° or 2° does not
appear to be affected by either lin-14/lin-28 [3] or lin-29
([41]; this study). 
Here, we have shown that execution of vulval fates
requires lin-29. Execution of the 1° and 2° cell fates
includes distinct and stereotyped patterns of cell division
[19] and gene expression. The sequence and orientation
of VPC cell divisions observed in lin-29 mutants is similar
to those seen in wild-type animals ([41]; this study). By
contrast, lin-29 mutants differed significantly from the
wild type in the timing of late vulval gene expression. Our
results indicate the following requirements for lin-29. In
the 1° cell lineage, lin-29 is needed to repress egl-17–GFP
expression and to initiate expression of zmp-1, both in the
L4 stage. In the 2° cell lineage, lin-29 is required for
expression of egl-17–GFP in the L4 stage. In contrast, early
expression of egl-17–GFP in the 1° cell lineage and of
lin-11–lacZ in the 2° cell lineage occur independently of
lin-29 (Table 2; see Figure 4b).
LIN-29 protein is present in all vulval lineage cells begin-
ning at the two-cell stage during the L3, dependent on
lin-3-mediated vulval induction [41]. Thus, while appear-
ance of LIN-29 in the vulva is a relatively early conse-
quence of the inductive signal, lin-29-mediated regulation
of egl-17–GFP and zmp-1–GFP occurs later. LIN-29 func-
tion may require a protein modification that occurs later in
time or depend on a transcriptional partner. Also, lin-29 may
control the early expression of as yet unidentified target
genes. We do not know whether egl-17 or zmp-1 are direct
targets of LIN-29. In either case, however, the results
suggest that the LIN-29 transcription factor regulates vulval
differentiation by controlling late gene expression.
Function of lin-29 in the egg-laying system
LIN-29 protein is present in many cells of the egg-laying
system: the AC, the vulval cells, and the uterine and
vulval muscles [37]. LIN-29 is also present in the seam
cells to which the utse attaches. By genetic mosaic analy-
sis, lin-29 is needed both in the seam and in cells of the
MS lineage for proper vulval attachment and egg laying
[41]. The MS lineage generates both the sex myoblasts
(SM) that produce the vulval and uterine muscles and the
AC. The SMs are descended from MS.a, while the AC has
an equal chance of coming from MS.a or MS.p. An
Egl/everted vulva (Evl) phenotype results from loss of the
array in MS (four of five animals) or MS.a (two of three
animals) but not MS.p (n = 3) or the AC (n = 7) [41]. These
results were interpreted as demonstrating that lin-29 is
required in the sex muscles and not the AC for egg laying.
The pi cells are required for egg laying; their absence
results in animals that are both Egl and Evl ([24], A.P.N.
and P.W.S., unpublished data). We have now shown that
Research Paper  lin-29 in C. elegans uterine–vulval development Newman et al.    1485
lin-29 is necessary for induction of the pi cell fate by the
AC. The lin-29 gene could be required in the AC, the pi
cells, or both. Several lines of evidence suggest that lin-29
is required in the AC for pi cell induction and thus for egg
laying. The lin-29 gene was necessary for maintenance of
lag-2–lacZ expression in the AC during the L3 stage when
pi cell induction occurs. LIN-29 protein is present in the
AC starting at L2 lethargus or the early L3 stage
[37,41] — precisely the time at which lin-29 is first needed
in the AC for maintenance of lag-2–lac-Z expression.
Finally, genetic epistasis analysis placed lin-29 upstream
of the receptor LIN-12, consistent with its proposed role
in regulating ligand expression in the AC.
Given these results, there are several possible explana-
tions for why a requirement for lin-29 in the AC was not
detected in the genetic mosaic experiments described
above. First, genetic mosaic analysis was performed using
lin-29(n836), a strain we have not examined for pi cell
induction. Thus, the Egl phenotype resulting from loss of
lin-29 in MS in these experiments might reflect only its
function in the sex muscles. However, this would not
explain why half of the animals that lost the array in MS or
MS.a were Evl as well as Egl, as loss of sex muscle func-
tion does not result in vulval eversion. Alternatively,
animals that lost the array in the AC may have been non-
Egl through perdurance of LIN-29 protein produced by
AC ancestors that contained the array. Similar results have
previously been observed during genetic mosaic analysis
in C. elegans [54]. By this hypothesis, the Evl/Egl pheno-
type observed when the array was lost in MS might
reflect — at least in part — a requirement for lin-29 in the
AC. This might not occur when the array was lost later in
the lineage and there was less time for depletion of LIN-29.
Finally, it remains possible that lin-29 is required in the pi
cells and not the AC for pi cell induction. Any of these sce-
narios is consistent with lin-29 also being required in the
sex muscles for egg laying.
In summary, lin-29 may function in at least four compo-
nents of the egg-laying system: the vulva, the sex muscles,
the utse and the seam. The utse must attach to the seam to
prevent vulval eversion [7], while the VulE cells also attach
to the seam [8]. Thus, lin-29 is necessary for specification
of the utse, differentiation of vulval cells, and for the requi-
site differentiation of the seam to which they attach.
Changes in the relative timing of gonadal and non-gonadal
development are known to correlate with evolutionary
change (reviewed in [29]). Within the nematode phylum,
heterochronic changes between C. elegans and another
species, Pristionchus pacificus, include alterations in the rel-
ative timing of gonadal and non-gonadal cell lineages [55].
There must therefore exist mechanisms to ensure the
proper coordination of these tissues despite such changes.
The dual role of lin-29 in controlling the specification of
the utse and the late differentiation of the epidermal cells
to which it attaches might be one such mechanism.
Conclusions
The heterochronic lin-29 gene encodes a zinc finger tran-
scription factor that is necessary for epidermal seam cells
to undergo the adult program of development. The seam
cells are the site of attachment for the vulE cells and for
the uterine utse that also — with the uv1 cells — connects
the uterus to the vulva. We found that lin-29 is required
not only for differentiation of the seam cells, but also for
specification of the utse and uv1 cells and for differentia-
tion of vulval cells. The LIN-29 transcription factor con-
trols the timing of gene expression in these cell types.
This may help to coordinate the maturation of the
vulval–uterine–seam cell connection of the C. elegans egg-
laying system.
Materials and methods
Strains and alleles
We used standard methods for the laboratory growth and manipulation
of C. elegans [56]. Wild type is N2. The egl-29(sy292) allele was iso-
lated in the F2 generation following EMS mutagenesis of lin-1(e1777)
(A. Golden and P.W.S., unpublished work). The egl-29(ty13) allele was
isolated in a genetic screen for Egl mutants with uterine defects (N.
Cinar and A.P.N., unpublished work). The following mutations were used
in this study. LGI: unc-54(r293), smg-1(r861) [57]. LGII: unc-4(e120),
rol-1(e91), sqt-1(sc13), lin-29(n333), lin-29(n546), egl-29(n482), egl-
29(sy292), egl-29(sy531), egl-29(sy532), egl-29(ty13) [28,42,56,58].
LGIII: dpy-19(e1259), lin-12(n137) [13]. LGIV: dpy-20(e1282). We
used the following chromosomal rearrangements and deficiencies. LGII:
mnC1, mnDf77, mnDf87, mnDf90 [59,60].
Genetic and physical mapping of egl-29
The egl-29 gene had been mapped to the right arm of chromosome II
between unc-4 and rol-1 [42]. We refined the egl-29 map position as
follows. Three-factor crosses were performed with animals of genotype
unc-4 + rol-1/+ egl-29 +; 18/44 Rol non-Unc animals segregated Egl
progeny; 20/38 Unc non-Rol animals segregated Egl progeny. In
addition, we found that animals of genotypes egl-29(n482)/mnDf87
and egl-29(sy292)/mnDf87, but not egl-29(n482)/mnDf77 or
egl29(n482)/mnDf90, were Egl. We used YACs Y17G7 and Y38G4,
provided by the C. elegans Sequencing Consortium, to position egl-29
on the physical map. YACs were microinjected into the gonads of
animals of genotype egl-29(sy292)unc-4(e120)/mnC1 or egl-
29(n482)unc-4(e120)/mnC1 using standard procedures [61]. YACs
were injected at a concentration of 10 ng/µl with plasmid pRF4 [61] at
75 ng/µl. We isolated transgenic animals stably transmitting the extra-
chromosomal arrays and scored Unc animals for rescue of the Egl phe-
notype. We found that two of seven such lines resulting from injection
of Y17G7 were rescued for the Egl defect (74% and 91% of
egl-29(n482) and 70% and 94% egl-29(sy292) animals were non-
Egl), while five of 34 stable lines resulting from injection of Y38G4
were rescued; 92% of egl-29(sy292) animals were non-Egl for the two
lines giving the strongest rescue. 
The lin-29/egl-29 complementation tests
Wild-type males were crossed to unc-4(e120) egl-29(sy292)/mnC1;
dpy-20 hermaphrodites, and male progeny were crossed to sqt-1(sc13)
lin-29(n333)/mnC1 hermaphrodites; sqt-1(sc13) is a recessive roller
mutation [58]. The progeny from this cross included non-Rol Pvl Egl her-
maphrodites, genotypes of which were confirmed to be unc-4(e120) egl-
29(sy292)/sqt-1(sc13) lin-29(n333) in the next generation. All progeny
of these trans-heterozygotes exhibited Egl and Pvl phenotypes. Other
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allele combinations were tested using the following general approach: lin-
29/+ or egl-29/+ males were mated to sqt-1(sc13) lin-29(n333)/mnC1
hermaphrodites or unc-4(e120) egl-29(sy292)/mnC1; dpy-20 hermaph-
rodites. Segregation of non-Unc Pvl Egl or non-Rol Pvl Egl progeny indi-
cated non-complementation; egl-29(sy292) failed to complement
lin-29(n546), egl-29(n482), egl-29(sy292), egl-29(ty13), egl-29(sy531)
and egl-29(sy532); lin-29(n333) failed to complement egl-29(n482) and
egl-29(sy531). Other allele combinations were not tested. 
Sequence analysis of egl-29 mutant alleles
Genomic fragments containing exons 5 through 10 of lin-29 [35] were
amplified using PCR and sequenced. Exons 6 through 8, which contain
most of the five zinc finger domains, were sequenced in all five egl-29
alleles (n482, sy292, ty13, sy531, sy532) and exon 5 was sequenced
in n482 and ty13. No mutation was detected in the sequenced exons
of n482 or ty13.
Microscopy
Uterine cell lineages were observed under Nomarski optics at 20°C. The
pi and ρ cell fates were scored as described [24]. For cell lineage analy-
sis, our working definition of pi and ρ cells were VU intermediate precursor
cells that divided once or twice, respectively. As described below, correct
reporter construct expression and generation of cells that connect to the
vulva were used as additional criteria for the pi cell fate [7,45].
Analysis of gene expression
We used the integrated transgenic arrays nIs2 and arIs13 to monitor
gene expression; nIs2 contains a lin-11-lacZ translational fusion and is
integrated on chromosome IV [62]; arIs13 contains a lag-2–lacZ tran-
scriptional fusion and pRF4 [48,61]. Fixation and X-gal staining were
done according to standard procedures [63], with modifications as
described [45]. The strains used for analysis of lag-2–lacZ expression
were smg-1(r861) unc-54(r293); arIs13[lag-2–lacZ + rol-6(d)] [48]
and smg-1(r861) unc-54(r293); egl-29(sy292); arIs13[lag-2–lacZ +
rol-6(d)]. The smg-1 mutation was used because it stabilizes aberrant
mRNAs, and the mRNA from the lag-2–lacZ fusion gene has a long 3′
untranslated region [48,57,64]; unc-54(r293) is suppressed by
smg-1(r861) [57] and thus facilitates identification of smg-1 homozy-
gotes during strain construction.
Genetic epistasis
We determined the epistasis of lin-29 and lin-12 using strains of
genotype lin-29(n482) rol-1(e91);lin-12(n137) dpy-19(e1259) and
lin-29(n482) rol-1(e91);lin-12(n137) dpy-19(e1259); nIs2. We con-
structed the latter strain from animals that were genotypically lin-29(n482)
rol-1(e91)/ ++; lin-12(n137) dpy-19(e1259); nIs2 or lin-29(n482)
rol-1(e91); lin-12(n137)dpy-19(e1259)/ ++; nIs2 in the preceding
step. This ensured that both the lin-29 and lin-12 mutations were
present in the strain analyzed for epistasis; lin-12(n137) was epistatic
to lin-29(n482) in all animals analyzed.
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